In several recent studies, proteomics analyses suggest that increase of ubiquinol-cytochrome c reductase core protein 1 (UQCRC1) is cardio-protective. However, direct evidence for this effect has not yet been obtained. Thus, the current study aimed to determine this effect and the mechanism underlying this effect. The results showed that overexpression of UQCRC1 protected H9c2 cardiac cells against in vitro simulated ischemia-reperfusion by maintaining mitochondrial membrane potential and suppressing the expression of caspase-3. These protective effects were significantly enhanced by exogenous Zn 2+ but completely abolished by Zn 2+ -selective chelator TPEN. Furthermore, the upregulation of UQCRC1 reduced the concentration of free Zn 2+ in mitochondria, whereas the downregulation of UQCRC1 increased the concentration of free Zn 2+ in mitochondria. In conclusion, the overexpression of UQCRC1 can protect H9c2 cardiac cells against simulated ischemia/reperfusion, and this cardio-protective effect is likely mediated by zinc binding.
Introduction
Although considerable efforts have aimed to better protect patients with coronary heart disease against myocardial ischemia/reperfusion injury, coronary heart disease remains the leading cause of morbidity and mortality worldwide, with more than 7 million deaths per year [1] . Recently, proteomics analyses in several studies have suggested that changes in some mitochondrial proteins are involved in cardio-protection [2] [3] [4] [5] . Of these mitochondrial proteins, ubiquinol-cytochrome c reductase core subunit 1 (UQCRC1) is frequently indicated. UQCRC1 is a subunit of complex III, which is a component of the mitochondrial electron transport chain [6] [7] [8] .
Previous studies have found that UQCRC1 expression is decreased in isolated rat hearts after ischemia-reperfusion (I/R). [5] However, its expression is increased when cardioprotection is induced by glycogen synthase kinase (GSK) inhibitor VIII [2] . Furthermore, UQCRC1 overexpression enhanced complex III activity in mice [9] , and its loss was associated with significant mitochondrial dysfunction in cells of epithelial origin [10] . This finding suggested that UQCRC1 contributes to normal mitochondrial function, which is essential for the cardio-protective effects induced by ischemic preconditioning (IPC) and postconditioning [11] . Therefore, the upregulation of UQCRC1 has been speculated to contribute to cardio-protection. However, direct evidence for the specific role of UQCRC1 in cardio-protection is currently unavailable.
Additionally, UQCRC1 may contain a Zn 2+ binding site [12] , which has been demonstrated to contribute to the cardio-protective effect induced by IPC, postconditioning, and pharmacological preconditioning [13] [14] [15] [16] [17] [18] . Early studies found that Zn 2+ can reversibly inhibit the electron transfer of mitochondrial complex III by binding to residues in the vicinity of the iron-sulfur protein (ISP) [19, 20] . Because UQCRC1 is located near NH 2 -terminus of the ISP [12] , UQCRC1 may interact with mitochondrial Zn 2+ , and this interaction may contribute to the observed cardio-protective effect. Taken together, we hypothesize that the overexpression 2 BioMed Research International of UQCRC1 provides a cardio-protective effect by binding mitochondrial Zn 2+ . Therefore, the current study aimed to explore the effect of UQCRC1 overexpression on cardioprotection and the mechanism underlying this effect, with a focus on the interaction between UQCRC1 and Zn 2+ .
Materials and Methods

Cell
Culture. The H9c2 cell line (rat embryonic ventricular myocytes) was purchased from the purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (FBS) and 100 units of penicillin-streptomycin at 37 ∘ C in a humidified 5% CO 2 + 95% air atmosphere.
Adenovirus Infection.
Ad-UQCRC1 was prepared and purified using protocols similar to those described in previously reported studies [21, 22] . Briefly, an E1-deleted replication-deficient adenoviral vector carrying the UQCRC1 gene linked to a green fluorescent protein (GFP) was constructed using a proprietary kit (Toyobo life science, Japan). The UQCRC1 cDNA and a human cytomegalovirus promoter were inverted into a shuttle plasmid and cotransfected into 293T cells. After recombination, plaque isolates were screened, and the selected clone was transfected into 293T cells and purified by three rounds of discontinuous CsCl step-gradient centrifugation. The titer for the Ad-UQCRC1 preparation was 4 × 10 9 plaque-forming units/ml.
H9c2 cardiac cells were infected with the adenovirus carrying the UQCRC1 gene linked to a GFP at a multiplicity of infection (MOI) of 50 plaque-forming units per cell in PBS for 2 hours in 95% air and 5% CO 2 at 37 ∘ C, followed by the addition of fresh medium containing FBS. The incubation was for an additional 22 hours. The medium was replaced 24 hours after the infection with DMEM containing 10% FBS and incubated for another 24 hours prior to treatment. The efficiency of adenoviral gene transfer (Ad-UQCRC1) was evaluated according to the number of cells showing a green fluorescence signal. H9c2 cardiac cells infected with Ad-GFP were used as a control, and the results showed that nearly 100% of cardiac cells appeared to be successfully infected 24 hours after the infection.
Western Blot Analysis.
The expression level of UQCRC1 was examined by Western blotting. To this end, cells were harvested 24 hours after adenovirus infection, and equal amounts of protein (50-150 g) were analyzed by SDS-PAGE for each group. After transferring the protein to membranes, an immunoblotting analysis was performed using the primary antibodies against UQCRC1 and GAPDH. The binding of each primary antibody was detected with a secondary antibody at a 1 : 2000 dilution and visualized using the enhanced chemiluminescence (ECL) method. The intensities of antibody complexes were assessed with the Image ProPlus 5.1 software, and the protein expression indicated by the band intensity was expressed as the percentage of the control group.
Oxygen and Glucose Deprived/Reoxygenation (OGD/R)
Injury Model. The OGD/R model in the current study was established following previously described protocols [23] [24] [25] . Briefly, H9c2 cells were cultured to 50-60% confluence and infected with Ad-UQCRC1 or Ad-GFP as previously described. The medium was then replaced with DMEM without FBS 12 hours before the OGD/R injury model was initiated. After 12 hours of incubation, the cultured cells were washed twice with standard Tyrode solution containing (mM) 140 NaCl, 6 KCl, 1 MgCl 2 , 1 CaCl 2 , 5 HEPES, and 5.8 glucose (pH 7.4) and incubated in the standard Tyrode solution for 2 hours before the following experiments. To induce OGD/R, the cells were cultured in glucose-free Tyrode solution containing 10 mM 2-deoxy-D-glucose and 10 mM sodium dithionite and transferred to a humidified hypoxia chamber (International Stem Cell Corporation, California, USA). Subsequently, the cells were flushed with 95% N 2 + 5% CO 2 to generate a hypoxic environment, and the sealed chamber was placed into a 37 ∘ C incubator for 1 hour. After the OGD incubation, the cells were exposed to fresh medium and incubated in 95% air + 5% CO 2 for 2 hours.
Cell Viability Assay.
The cell viability was assessed with a CCK-8 (cell counter kit 8) assay, a sensitive nonradioactive colorimetric assay for measuring cell growth (DojindoLab., Japan), according to the manufacturer's instructions and previous studies [26, 27] . Briefly, H9c2 cells were plated in 96-well plates. After the OGD/R, CCK-8 solution (10 L) diluted 1 : 10 with DMEM (100 L) was added to each well. The plates were then incubated at 37 ∘ C in a humidified 5% CO 2 + 95% air atmosphere for 2 hours before measuring the absorbance at 450 nm using an enzyme-linked immunosorbent assay microplate reader (Thermo Scientific). The results are reported as the percentage of the control group.
Cell Apoptosis
Assay. The percentage of apoptotic or necrotic cells was assessed using an Apoptosis and Necrosis Assay Kit (Beyotime, China) according to the manufacturer's instructions and a previous study [28] . Briefly, H9c2 cells were cultured in 24-well plates at a concentration of 9,000 cells/well. After 48 hours of adenovirus infection, the cells were treated with 200 M H 2 O 2 for 20 min, while the control cells remained untreated. The cells were then stained with both Hoechst 33342 and propidium iodide (PI) for 20 min at 4 ∘ C in the dark and examined using fluorescence microscopy. The nuclear morphology was analyzed based on the fluorescent DNA-binding dye Hoechst 33342, and the necrotic cells were identified by propidium iodide, which is commonly used to mark necrotic cells because it is membrane-impermeable and generally excluded from viable cells. The numbers of apoptotic or necrotic cells were analyzed using the Image Pro-Plus software 5.1 and reported as the percentage of total cells at the end of the experiment. At least 1,000 cells from each group were counted and distinguished as viable, apoptotic or necrotic cells.
Zn
2+ Regulation. H9C2 cells were divided into four groups based on treatment: the Ad-GFP and Ad-UQCRC1 groups were infected with Ad-GFP or Ad-UQCRC1 as BioMed Research International 3 described above, whereas the Ad-UQCRC1+Zn
2+ and Ad-UQCRC1+TPEN groups consisted of Ad-UQCRC1 cells treated with 1 M ZnCl 2 (Sigma-Aldrich) plus 4 M pyrithione (Sigma-Aldrich) or 10 M of the Zn 2+ -selective chelator N,N,N ,N -tetrakis (2-pyridylmethyl) ethylenediamine (TPEN) (Sigma-Aldrich), respectively, added 10 min before OGD/R injury.
Detection of Mitochondrial Membrane Potential (ΔΨm)
after H 2 O 2 Injury. ΔΨm was assessed using confocal microscopy as described in previous studies [13, 16] . Briefly, H9c2 cardiac cells that had been pretreated with 1 M ZnCl 2 plus 4 M pyrithione or 10 M TPEN for 10 mins were cultured in a specific temperature-controlled culture dish, and the cells were then exposed to 100 M H 2 O 2 for 20 min to cause mitochondrial oxidant damage. Control cells were not pretreated but instead were incubated in DMEM without FBS. After these treatments, the cells were incubated with 100 nM tetramethylrhodamine ethyl ester (TMRE) (MolecularProbe) in standard Tyrode solution for 15 min and then mounted on the stage of a confocal microscope (Leica, Germany). The temperature was maintained at 37
∘ C with a Delta T Open Dish System (Bioptechs, Butler, PA). The fluorescence intensity was determined based on 5 to 10 cells per computer-recorded image and quantified with Image Pro-Plus 5.1.
Upregulation of UQCRC1 by Diazoxide. To measure the mitochondrial free Zn
2+ concentration in cells that overexpressed UQCRC1 or cells in which UQCRC1 was downregulated, H9c2 cells were stained with RhodZin-3, a Zn 2+ -selective fluorescence dye that targets mitochondria. The mitochondria-specific dye Mito-Tracker Green, which relies on green fluorescence as the specific fluorescence dye, was coloaded with the Zn 2+ -selective fluorescence dye RhodZin-3. Because this green fluorescence was very difficult to be distinguished from the green fluorescence of the Ad-UQCRC1 recombinant adenovirus, Ad-UQCRC1 cells could not be used for confocal imaging. Our previous study showed that delayed preconditioning by diazoxide upregulated UQCRC1 in rat myocardial cells (data not published). Therefore, we used long-term diazoxide treatment as an alternative method to up-regulate UQCRC1 expression. H9C2 cardiac cells were seeded in 96-well plates at a density of 3 × 10 3 cells per well and subjected to different treatments: the control group was treated with solvent, and the DZ group was treated with 100 mol/L diazoxide for 48 hours. Subsequently, SDS-PAGE and Western blotting were performed to measure the level of UQCRC1 expression.
Downregulation of UQCRC1.
Three siRNA duplexes targeting the rat UQCRC1 gene were designed using the targeted siRNA finder and design tool available at http://www.genscript.com/ and commercially obtained from Ribobio (Guangzhou, China). The siUQCRC1 silencer sequence (CCGUUGCUGUAGCUAACAAdTdT, 200 nmol/ L) was identified and transfected into H9C2 cardiac cells. Western blotting was performed to quantify the expression of UQCRC1 and ensure that UQCRC1 expression was significantly downregulated in H9C2 cardiac cells.
Confocal Imaging of Mitochondrial Zn
2+ . The free zinc (Zn 2+ ) concentration in the mitochondria of H9c2 cells was assessed with RhodZin-3 according to the manufacturer's instructions (MolecularProbe) and previous studies [29, 30] . After delayed preconditioning induced by diazoxide or 48 hours after siRNA transfection, H9c2 cells were cultured in a specific temperature-controlled culture dish. The dish was coloaded with both 5 M RhodZin-3 plus 0.02% pluronic acid (MolecularProbe) and 100 nM Mito-Tracker Green (Beyotime, China) in fresh medium without FBS for 30 min at 37 ∘ C in the dark in a humidified 5% CO 2 + 95% air atmosphere. After 3 washes with phosphate-buffered saline, the cells were incubated for another 30 min for deesterification and then mounted on the stage of confocal microscope in a humidified 5% CO 2 + 95% air atmosphere (Leica, Germany). The temperature was maintained at 37
∘ C with a Delta T Open Dish System (Bioptechs, Butler, PA), and the fluorescence intensity was measured as described above with Image ProPlus 5.1.
Statistical Analysis.
Continuous data are presented as the means ± SEM. The means of two groups were compared using independent Student's -tests. Multiple groups were analyzed using an ANOVA with a Bonferroni post hoc test. Two-sided values < 0.05 were considered to indicate a significant difference.
Results
UQCRC1 Overexpression Protects H9c2
Cardiac Cells from OGD/R and H2O2 Injury. As shown in Figure 1(a) , the Western blotting results showed that UQCRC1 expression was approximately 2.4 times higher in H9c2 cardiac cells transfected with Ad-UQCRC1 than in empty vectortransfected cells in the control group 48 h after transfection. This indicated that UQCRC1 protein in H9c2 cardiac cells could successfully be overexpressed by Ad-UQCRC1.
Subsequently, OGD/R and H 2 O 2 injury models were established to examine the ability of UQCRC1 overexpression to protect H9c2 cardiac cells 48 h after transfection. Specifically, the cell viability was significantly higher in the UQCRC1 overexpression group (73% ± 2%) than in the control group (52% ± 3%, Figure 1(b) ) after OGD/R injury, indicating that UQCRC1 overexpression could protect the cells. Moreover, necrotic cells were not evident in either the UQCRC1 overexpression or the control group before and after H 2 O 2 injury. However, apoptotic H9c2 cells were observed in the two groups after H 2 O 2 injury (Figure 1(c) ). Furthermore, the results showed that, compared with the control group, UQCRC1 overexpression significantly attenuated apoptosis after H 2 O 2 injury. Specifically, the apoptosis rate in UQCRC1 overexpression group was 2.9 ± 1.0%, which was significantly lower than that in control group (18.5 ± 1.3%). (Figure 1(d) ). UQCRC1 overexpression significantly increased cell viability after OGD/R injury compared with the control group. Moreover, increasing the zinc concentration by directly adding Zn 2+ significantly increased the cell viability in the Ad-
Zinc Is an Indispensable Cofactor for the Protective
UQCRC1+Zn
2+ group compared to the Ad-UQCRC1 group. However, the addition of TPEN significantly decreased the cell viability in the Ad-UQCRC1+TPEN group compared to the Ad-UQCRC1 group and rendered the viability indistinguishable from that of the control group. This finding indicates that the increase in cell viability induced by UQCRC1 overexpression was supported by Zn 2+ but abrogated by
Additionally, the expression of active caspase-3 in H9c2 cardiac cells after OGD/R injury was decreased by UQCRC1 overexpression (Figure 2(b) ), and this decrease was further strengthened by the addition of Zn 2+ . Conversely, the addition of TPEN abrogated this decrease in active caspase-3. The mitochondrial membrane potential (ΔΨm) of H9c2 cardiac cells was then assessed with tetramethylrhodamine ethyl ester (TMRE) (Figure 2(c) ). As shown in Figure 2 (d), H 2 O 2 injury resulted in a loss of ΔΨm, which was attenuated by UQCRC1 overexpression. Furthermore, exogenous Zn 2+ markedly enhanced the effect of UQCRC1 overexpression-mediated maintenance of the ΔΨm, whereas TPEN completely reversed this effect. These findings suggest that UQCRC1 overexpression contributes to maintaining the mitochondrial function of H9c2 cardiac cells during injury and that Zn 2+ plays an important and indispensable role in this effect.
UQCRC1 Expression Changes Directly Influence the Mitochondrial Free Zn
2+ Concentration. As shown in Figure 3 (a), 48 hours of diazoxide treatment upregulated UQCRC1 in H9c2 cardiac cells. We also measured Zn 2+ concentration and found that the mitochondrial free Zn 2+ fluorescence intensity was significantly decreased in the UQCRC1 upregulation group compared with the control group (Figure 3(b) ). This finding indicated that the upregulation of UQCRC1 decreased the mitochondrial free Zn 2+ concentration. As shown in Figure 4 (a), UQCRC1 protein expression was significantly downregulated after transfection with UQCRC1 siRNA (Figure 4(a) ). As shown in Figure 4(b) , the mitochondrial free Zn 2+ fluorescence intensity was significantly increased in si-UQCRC1 group compared with control siRNA group, indicating that the downregulation of UQCRC1 increased the mitochondrial free Zn 2+ concentration.
Discussion
In this study, we explored the role of UQCRC1 overexpression in protecting H9c2 cardiac cells against OGD/R and peroxidation injury. We also investigated the possible mechanism underlying the UQCRC1 overexpression-mediated cardiac protection by focusing on mitochondrial Zn 2+ . The results of this study provide direct evidence for the cardio-protective role of UQCRC1 overexpression, which is likely mediated by mitochondrial Zn 2+ .
The H9c2 cardiac cells are commonly used to mimic myocardial damage and have been used in many previous studies, especially in those studies that explore the integration between some targeted proteins and Zn 2+ [13, 16, 24, 28] . Therefore, H 2 O 2 and OGD/R induced injury models in H9c2 cells were chosen in the study. In the current study, we observed that several injury markers, including the apoptosis rate, cell viability, and expression of active caspase-3, were significantly increased after the H 2 O 2 and OGD/R injury. However, the upregulation of UQCRC1 with a recombinant adenovirus vector containing UQCRC1 significantly reduced injury to H9c2 cells.
UQCRC1 expression changes have been detected in several previous studies. For example, Lin et al. used a proteomic approach and found that the expression levels of six proteins involved in energy metabolism, including UQCRC1, decreased after I/R injury in isolated rat hearts [5] . In another proteomic study [2] , UQCRC1 was found to increase in response to the cardio-protective effect of pharmacological preconditioning with GSK inhibitor VIII. Furthermore, the current results showed that the apoptosis rate and the expression of active caspase-3 were decreased and the cell viability was increased in H9c2 cells that overexpressed UQCRC1. Therefore, these results indicate that UQCRC1 overexpression may protect H9c2 cells from OGD/R injury.
UQCRC1 gene overexpression is known to enhance complex III activity in mice [9] . Furthermore, mitochondrial dysfunction was recently associated with a specific loss of UQCRC1 in cells of epithelial origin [10] and mouse spermatocytes [31] . These studies suggest that UQCRC1 plays an important role in the mitochondrial function. Interestingly we also found that UQCRC1 overexpression significantly attenuated the loss of ΔΨm, an indicator of mitochondrial function, after H 2 O 2 injury. Therefore, UQCRC1 overexpression contributes to maintaining mitochondrial function in H9c2 cells during injury and may protect cardiac cells.
Recently, several studies have shown that the function of UQCRC1 might be far more extensive than previously implied, particularly because of its notable role in oncology. UQCRC1 was demonstrated to be highly expressed in breast and ovarian tumors [32] as well as in osteosarcoma cells and tissues [33] . In addition, some anticancer treatments, for example, treatment of CAL-27 cells with 11-dehydrosinulariolide and A375 melanoma cells with sinulariolide, markedly downregulate UQCRC1 [34, 35] . These studies strongly suggest that UQCRC1 overexpression may promote proliferation and inhibit apoptosis in cancer cells, which also suggests that UQCRC1 can protect cells from injury. From several viewpoints, the current study showed that UQCRC1 overexpression protected H9c2 cardiac cells from OGD/R and H 2 O 2 injury. These results also indicate that a normal expression of UQCRC1 is necessary for the cardioprotection. Based on our data and the aforementioned previous studies, we conclude that UQCRC1 plays an important role in cardiac protection.
In many previous studies, Zn 2+ has been reported to play a cardio-protective role in IPC, postconditioning, or pharmacological preconditioning [13] [14] [15] [16] [17] . Although the specific mechanism by which Zn 2+ protects cardiac cells remains controversial [13, 14, 16] , the antiapoptotic effect of Zn 2+ was attributed to the maintenance of mitochondrial function and a direct suppression of caspase-3 [13, 14, 36, 37] , which is consistent with the results of the current study. In the current study, we first used exogenous Zn 2+ and the membranepermeable Zn 2+ -selective chelator TPEN to investigate the possible relationship between Zn 2+ and the cardio-protective role of UQCRC1 overexpression. The results showed that exogenous Zn 2+ markedly enhanced the protective effects of UQCRC1 overexpression, as indicated by increased cell viability, suppressed caspase-3 expression, and the maintenance of ΔΨm after injury, and these protective effects were completely abolished when TPEN was applied. These results demonstrated that Zn 2+ significantly affected the protective effects of UQCRC1 overexpression in H9c2 cardiac cells.
Although the above findings strongly suggest that Zn
2+
is a required cofactor for the protective role of UQCRC1 overexpression, whether this protective effect was due to their combined function remained unclear. Several early studies demonstrated that zinc binds to residues in the vicinity of the iron-sulfur protein (ISP) [19, 20] , and UQCRC1 is located near the NH 2 -terminus of the ISP [12] . concentration. Based on these results, we speculated that UQCRC1 overexpression protects H9c2 cardiac cells from ischemia/reperfusion injury by binding zinc. Several limitations should be considered for the current study. First, the protective effect of UQCRC1 overexpression was only evaluated at the cellular level in H9c2 cells, which are commonly used but under debate as an in vitro cell model, and thus further in vivo models are needed to validate the current results. Second, only overexpression and downregulation models were applied in the current study to explore the role and mechanism of UQCRC1 in cardio-protection, and UQCRC1 knockout model that completely abrogates UQCRC1 expression should be considered in future studies to confirm this effect.
Conclusions
In summary, the current study showed that the overexpression of UQCRC1 can protect H9c2 cardiac cells against OGD/R injury, which provides direct evidence for the cardio-protective role of UQCRC1. These cardio-protective effects were significantly enhanced by exogenous Zn 2+ but completely abolished by the Zn 2+ -selective chelator TPEN. Furthermore, the upregulation of UQCRC1 decreased the concentration of free Zn 2+ in mitochondria, whereas the downregulation of UQCRC1 increased this concentration. Thus, UQCRC1 may play an important role in cardiac protection by binding with zinc.
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